
JOURNAL OF CLINICAL MICROBIOLOGY, Apr. 2009, p. 994–1001 Vol. 47, No. 4
0095-1137/09/$08.00�0 doi:10.1128/JCM.01216-08
Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Use of Spoligotyping and Large Sequence Polymorphisms To Study
the Population Structure of the Mycobacterium tuberculosis

Complex in a Cohort Study of Consecutive Smear-Positive
Tuberculosis Cases in The Gambia�†

Bouke C. de Jong,1,2* Martin Antonio,1 Timothy Awine,1 Kunle Ogungbemi,1 Ype P. de Jong,1
Sebastien Gagneux,3 Kathryn DeRiemer,4 Thierry Zozio,5 Nalin Rastogi,5

Martien Borgdorff,6,7 Philip C. Hill,1 and Richard A. Adegbola1

Bacterial Diseases Programme, MRC Laboratories, Banjul, The Gambia1; New York University, New York, New York2;
MRC National Institute for Medical Research, London, United Kingdom3; School of Medicine, University of California,

Davis, Davis, California4; Institut Pasteur de la Guadeloupe, Abymes, Guadeloupe5; University of Amsterdam,
Amsterdam, The Netherlands6; and KNCV, The Hague, The Netherlands7

Received 26 June 2008/Returned for modification 10 December 2008/Accepted 12 January 2009

Mycobacterium africanum, first described in Senegal in 1968, causes up to half of the smear-positive pulmo-
nary tuberculosis cases in West Africa, but it has not been found in other geographical areas except among
recent West African migrants. The reasons for the geographic restriction of M. africanum are unknown. We
used molecular tools to determine the population structure of the Mycobacterium tuberculosis complex in a
cohort study of consecutive smear-positive tuberculosis cases in The Gambia. We collected and genotyped 386
clinical isolates using spoligotype analysis and PCRs for large sequence polymorphisms (LSPs) and compared
the genotype patterns to the patterns in an international database. The results of spoligotyping and LSP
analysis for the study population were also compared to determine the correlation between them. The main
lineages within the Mycobacterium tuberculosis complex identified in The Gambia included M. africanum type I
(38.4%), characterized by an LSP in region of difference 702 (RD702; West African type 2). Among the M.
tuberculosis sensu stricto isolates, lineages characterized by RD182 and by RD174 were the most common. We
also detected a gradient in the prevalence of M. africanum that extended from neighboring Guinea-Bissau. The
genotypic diversity of the spoligotype patterns was greater among the isolates of M. africanum than among
the isolates of M. tuberculosis. We postulate that M. africanum became endemic in West Africa first, before the
introduction of different lineages within M. tuberculosis sensu stricto.

Molecular epidemiologic techniques have been used to com-
pare isolates within the Mycobacterium tuberculosis complex
and have clarified many aspects of tuberculosis (TB) transmis-
sion, such as the importance of ongoing transmission in low-
incidence countries (21) and the limited importance of within-
household transmission in high-incidence settings (26). In
recent years, genotyping techniques have also been applied to
infer the phylogenetic relationships between lineages within
the M. tuberculosis complex (2, 17). Different genetic markers
have different rates of evolutionary change. Genetic markers
such as large sequence polymorphisms (LSPs) that change
slowly are essentially limited to analysis by phylogenetic studies
(11, 24). On the other hand, spoligotyping, which is based on
the polymorphism of the direct repeat region and which has
the ability to detect changes with a faster molecular clock, has
been used for both phylogeny and molecular epidemiological
studies of M. tuberculosis (10).

The population structure of the M. tuberculosis complex in
The Gambia or Senegal has not been described since biochem-

ical methods were used to demonstrate that M. africanum
caused approximately 20% of the TB cases in Senegal during
the 1970s (9). Since the advent of molecular methods, the
strains previously classified as East African M. africanum type
II have been reclassified as M. tuberculosis sensu stricto (22).
West African M. africanum type I is now subdivided into West
African M. africanum type 1, characterized by region of differ-
ence (RD) 711 (RD711) (10) and reported mostly around the
Gulf of Guinea (19), and West African M. africanum type 2,
characterized by RD702 and prevalent mostly in western West
Africa (10, 18).

We used molecular methods to determine the genetic pop-
ulation structure of the M. tuberculosis complex in The Gam-
bia, a country with an incidence of sputum smear-positive TB
of approximately 80/100,000 population per year (1) and rising.
We compared spoligotyping with LSP analysis to determine if
the two methods gave concordant results and then combined
spoligotyping with LSP analysis to infer phylogenetic relation-
ships and to compare the genetic diversity between different
lineages of the M. tuberculosis complex.

MATERIALS AND METHODS

Collection of mycobacterial isolates. Consecutive sputum smear-positive TB
patients from the Medical Research Council (MRC) Outpatient Department
and the major Gambian government TB clinics in the greater Banjul area in The
Gambia, were enrolled in the study if they provided informed consent. Patients
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were eligible if they were diagnosed with smear-positive TB, were over 15 years
of age, and had not been previously treated for TB. The enrolled patients
received voluntary counseling and testing for human immunodeficiency virus
(HIV) infection. Those who tested HIV seropositive were referred for HIV care,
including free antiretroviral therapy, which became available in The Gambia in
2004. The study was approved by the joint Gambian Government-MRC ethics
committee and the Institutional Review Board at Stanford University.

Mycobacteriology. The sputum samples were stained with auramine and by the
Ziehl-Neelsen method. Sputum was decontaminated by using N-acetyl cysteine–
NaOH before culture in Bactec vials (Becton Dickinson) and on paired Lowen-
stein-Jensen slopes. Positive cultures were confirmed by the Ziehl-Neelsen smear
method and were stored in glycerol at �70°C.

Mycobacterial genotyping. Stored isolates were grown in Middlebrook 7H9
broth with oleic acid-dextrose-albumin-catalase supplement for DNA extraction
by previously published methods (25). After spectrophotometry, we used 10 ng of
DNA for spoligotype analysis (16) with commercially available membranes (Iso-
gen Biosciences, Maarssen, The Netherlands). Isolates that repeatedly failed to
yield a spoligotype pattern were analyzed, as described previously (13), for
classification as atypical mycobacteria versus members of the M. tuberculosis
complex. Spoligotype films were scanned and classified by using software de-
signed in the Matlab program (Mathworks, Natick, MA) (D. Jeffries, unpub-
lished data), followed by manual editing and confirmation. Each spoligotype
pattern was classified into a binary code, and the result was entered in a Mi-
crosoft (Redmond, WA) Access database.

The presence or absence of lineage-defining LSPs was assessed by using the
methods and the flanking primers described for 100 clinical isolates in San
Francisco, CA (10, 24). We used a hierarchical screening sequence, first testing
one isolate representative of each of the different spoligotype patterns to detect
different lineage-defining LSPs. Isolates with a certain lineage-defining LSP were
not tested for further LSPs. We subsequently screened all isolates with a similar
spoligotype pattern to determine whether they had identical lineage-defining
LSPs. If spoligotype analysis did not result in a clear pattern of spacers, the
isolate underwent repeat spoligotyping. If a spoligotype pattern did not fit the
prior association of that pattern with a certain RD, both the spoligotype analysis
and the PCR for the RD were repeated.

Data analysis. The phylogenetic tree was constructed by first classifying iso-
lates by their lineage-defining deletion on the basis of the LSP results, followed
by the construction of subbranches within each lineage by using the minimum-
spanning-trees method with the spoligotype data in GelCompar software (Bionu-
merics; Applied Maths, Kortrijk, Belgium). The following rules were applied to
tree construction: first, link the maximum number of single-locus variants, and
second, use the maximum number with double (or more)-locus variants. The
third rule was to include the maximum number of entries, and the fourth rule was
that no hypothetical types were allowed. Spacers commonly missing from the
spoligotype patterns by lineage were identified by visual comparison and con-
sensus (3). The Hunter-Gaston discriminatory index was used to calculate the
level of discrimination of each typing method (14).

The individual spoligotype patterns were compared with an updated in-house
proprietary version of the SpolDB4 database at the Institut Pasteur de Guadeloupe,
named SITVIT2 (the initial version is available at http://www.pasteur-guadeloupe
.fr:8081/SITVITDemo). At the time of this comparison, the updated in-house
proprietary version contained a total of 2,808 shared types (or spoligotype in-
ternational types [SITs]) corresponding to 63,473 clinical isolates from 122 coun-
tries of isolation and 160 countries of origin. A shared type, or SIT, is defined as
a spoligotype pattern common to two or more M. tuberculosis isolates. Major
phylogenetic clades were assigned according to the signatures provided in
SpolDB4 (5), which defines 62 genetic lineages or sublineages. The reader is
referred to the original paper for a detailed description. Some major lineages
include M. bovis (BOV) and its 4 sublineages, M. africanum (AFRI) and its 3
sublineages, the Central Asian (CAS) clade and its 2 sublineages, the East
African-Indian (EAI) clade and its 9 sublineages, the Haarlem (H) clade and its
4 sublineages, the Latin American-Mediterranean (LAM) clade and its 12 sub-
lineages, the Manu family and its 3 sublineages, the IS6110-low banding X clade
and its 3 sublineages, and an ill-defined T clade and its 13 sublineages.

Within the SITVIT2 database, we compared the spoligotype patterns of M.
africanum (missing spacers 7 to 9 and 39) with the patterns of the Euro-American
lineage within M. tuberculosis sensu stricto (missing spacers 33 to 36). We com-
pared both the number of isolates and the number of different spoligotype
patterns between these groups.

We compared the demographic variables and the HIV test results for the TB
cases by the mycobacterial lineage of the patient’s isolate using the �2 test of
proportions. We compared several groups of patients, according to the lineage of

mycobacteria in their isolate, if there was information on at least 10 patients in
a group.

RESULTS

Sampling frame and mycobacterial genotyping. The isolates
were collected from 386 consecutive smear-positive TB pa-
tients residing in the greater Banjul area, which is a semiurban
coastal area of The Gambia and which is where 60% of Gam-
bians live. Among the 386 isolates, 10 did not yield a spoligo-
type pattern and were confirmed to be atypical mycobacteria,
as 16S RNA but not any of the M. tuberculosis complex-specific
regions could be amplified from them (Fig. 1). Among the
remaining 376 isolates, 93 spoligotype patterns were identified.
For LSP analysis, 14 isolates for which amplification failed
were excluded, as were 3 isolates with PCR results suggestive
of mixed DNA, leaving a total of 359 isolates for LSP analysis.
These were grouped by LSPs into 11 lineages (Fig. 2), with the
exception of 60 strains that could not be classified in a precise
lineage by LSP analysis alone; TbD1 was concomitantly de-
leted from all strains (i.e., they were modern strains), and the
strains were tentatively categorized as “H37Rv-like.”

Prevalence of the different lineages within the M. tuberculo-
sis complex. The main lineages identified in The Gambia in-
clude RD702 (M. africanum type I, West African type 2) (10,
18), which accounted for 38.6% of all smear-positive TB cases;
and within M. tuberculosis sensu stricto, the main lineages
identified were RD182, RD174, and RD219. We did not detect
any M. bovis, M. canettii, or other subspecies of the M. tuber-
culosis complex. We refer to M. africanum type I, West African
type 2, when using “M. africanum,” unless otherwise specified.
Table 1 lists the different spoligotype patterns within each
lineage, their classification in SITVIT2, their prevalence, and
their spoligotype signatures. M. africanum was the most prev-
alent genotype and also showed the most spoligotype diversity,
with 29 different patterns. RD105, the Beijing family lineage
which has a worldwide distribution, caused 3% of the smear-
positive TB cases in The Gambia. RD750 was found to have
two subtypes, one with a PCR product larger than the intact
region.

FIG. 1. Genotyping results for clinical TB isolates in The Gambia. TbD1,
region present in ancestral strains of the M. tuberculosis complex.
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FIG. 2. Population structure of the M. tuberculosis complex in The Gambia determined by combining the results of LSP analysis and spoli-
gotyping.
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TABLE 1. Spoligotype patterns and SITs for clusters of M. tuberculosis complex isolates defined by RDs

RD Spoligotype patterna No. of
isolates SITb % of

isolates % RD Commonly missing spacersc

(cladesd)

Gambian
family 1

������▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫�������▫▫▫▫������� 15 144 4.2 4.2 7–25 and 33–36 (The
Gambia prototype)

H37Rv-like-1 ��������������������������������▫▫▫▫���▫��� 2 52 0.6 12.5 33–36 (variable; T clade,
H37Rv-like-2 ������������▫�������������������▫▫▫▫���▫��� 1 73 0.3 LAM)
H37Rv-like-3 �������������������������������▫▫▫▫▫���▫��� 1 2164 0.3
H37Rv-like-4 ��������������������������������▫▫▫▫������� 14 53 3.9
H37Rv-like-5 ����������������������▫���������▫▫▫▫������� 5 44 1.4
H37Rv-like-6 ����������������������▫▫▫�������▫▫▫▫������� 1 61 0.3
H37Rv-like-7 ��������������������▫▫▫▫��������▫▫▫▫������� 1 42 0.3
H37Rv-like-8 ��������������������▫▫▫▫��������▫▫▫▫���▫��� 2 60 0.6
H37Rv-like-9 ��������▫▫▫���������▫▫▫▫��������▫▫▫▫������� 4 33 1.1
H37Rv-like-10 ��������▫▫▫����▫▫�▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫���� 3 2439 0.8
H37Rv-like-11 ��������▫▫▫���▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫���� 2 105 0.6
H37Rv-like-12 ��������▫▫▫���▫▫��▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫���� 1 2047 0.3
H37Rv-like-13 �������������������������▫������▫▫▫▫������� 2 122 0.6
H37Rv-like-14 ���������▫▫▫��������������������▫▫▫▫������� 1 2437 0.3
H37Rv-like-15 ���������▫▫▫��▫�����������������▫▫▫▫������� 1 Orphane 0.3
H37Rv-like-16 ��������������������������������▫▫▫▫���▫▫�� 1 78 0.3
H37Rv-like-17 ��������▫▫����������������������▫▫▫▫��▫▫▫�� 1 2312 0.3
H37Rv-like-18 �▫▫���������������������▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫ 2 2445 0.6

RD105-1 ▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫��������� 9 1 2.5 2.8 1–34 (Beijing)
RD105-2 ▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫����▫��▫� 1 1651 0.3

RD115-1 ��������▫�����������▫▫▫▫�▫▫▫▫▫▫▫▫▫▫▫������� 1 Orphan 0.3 1.7 21, 33–36 (variable:
RD115-2 ��������▫�����������▫▫▫▫��▫▫▫▫▫�▫▫▫▫������� 1 2438 0.3 LAM, Haarlem)
RD115-3 ��������������������▫▫▫▫��������▫▫▫▫������� 1 42 0.3
RD115-4 ������▫�������������▫▫�▫▫�������▫▫▫▫������� 2 872 0.6
RD115-5 ��������������▫▫▫▫▫▫▫�����������▫▫▫▫������� 1 765 0.3

RD174-1 ��������������������▫▫▫▫��������▫▫▫▫������� 7 42 1.9 12.3 21–24 and 33–36 (LAM)
RD174-2 ��▫�����������������▫▫▫▫��������▫▫▫▫������� 13 20 3.6
RD174-3 ��▫���������▫�������▫▫▫▫��������▫▫▫▫����▫�� 8 604 2.2
RD174-4 ��▫▫▫���������������▫▫▫▫��������▫▫▫▫������� 2 1803 0.6
RD174-5 ��������������������▫▫▫▫����▫���▫▫▫▫������� 3 64 0.8
RD174-6 ��������������������▫▫▫▫��������▫▫▫▫���▫��� 11 60 3.1

RD182-1 ������������������������������▫�▫▫▫▫������� 14 50 3.9 14.8 31, 33–36 (Haarlem)
RD182-2 ������������▫�����������������▫�▫▫▫▫������� 1 36 0.3
RD182-3 ��������������▫���������������▫�▫▫▫▫������� 1 75 0.3
RD182-4 ��������������▫▫▫�������������▫�▫▫▫▫������� 1 Orphan 0.3
RD182-5 ������������������▫�����������▫�▫▫▫▫������� 5 183 1.4
RD182-6 ������������������������������▫�▫▫▫▫���▫▫�� 1 524 0.3
RD182-7 ����������▫▫▫��������▫▫▫������▫▫▫▫▫▫▫▫▫▫▫▫▫ 1 Orphan 0.3
RD182-8 ��▫▫��������������������������▫�▫▫▫▫������� 1 849 0.3
RD182-9 �������������������������▫▫▫▫▫▫�▫▫▫▫������� 4 47 1.1
RD182-10 �������������������������▫▫▫▫▫▫�▫▫▫▫���▫��� 15 62 4.2
RD182-11 ▫������������������������▫▫▫▫▫▫�▫▫▫▫���▫��� 1 Orphan 0.3
RD182-12 �����������▫���������▫▫▫�▫▫▫▫▫▫�▫▫▫▫����▫�� 1 Orphan 0.3
RD182-13 ������������������▫▫▫▫▫▫�▫▫▫▫▫▫�▫▫▫▫������� 2 182 0.6
RD182-14 ��������������▫���▫▫▫▫▫▫�▫▫▫▫▫▫�▫▫▫▫������� 1 Orphan 0.3
RD182-15 ▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫�▫▫▫▫▫▫�▫▫▫▫������� 4 2 1.1

RD183-1 ���▫▫���������������������������▫▫▫▫��▫▫▫▫� 1 Orphan 0.3 0.3 (Unknown)

RD193-1 ���▫▫▫▫▫▫▫▫▫�����▫▫�������������▫▫▫▫������� 2 2397 0.6 1.1 4–12, 18, 33–36 (X clade)
RD193-2 ���▫▫▫▫▫▫▫▫▫�����▫��������������▫▫▫▫���▫▫▫▫ 2 200 0.6

RD219-1 ��������������������������������▫▫▫▫������� 15 53 4.2 5.0 33–36 (variable; T clade,
RD219-2 ������������▫�������������������▫▫▫▫������� 1 37 0.3 unknown)
RD219-3 ��������������▫▫����������������▫▫▫▫������� 1 732 0.3
RD219-4 �▫▫▫▫�������������▫�������������▫▫▫▫������� 1 Orphan 0.3

RD239-1 ��▫�������������������������▫▫▫▫�▫����▫���� 3 528 0.8 1.7 29–32, 34 (EAI)
RD239-2 ��▫�������������������������▫▫▫▫�▫��������� 2 342 0.6
RD239-3 �����▫�������������������▫▫�▫▫▫▫�▫��������� 1 Orphan 0.3

Continued on following page
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Concordance between LSPs and spoligotype analysis. Fig-
ure S4 in the supplemental material shows the phylogenetic
tree in Fig. 2 (see Figure S4a in the supplemental material) in
comparison with a tree prepared by using the same minimum-
spanning method but based solely on spoligotype patterns,
without LSPs (see Figure S4b in the supplemental material).
Tree 4b is markedly different from tree 4a because several
LSPs cluster in succession, on the basis of the spoligotype
patterns. This finding confirms that spoligotype analysis by
itself does not provide a robust phylogeny. In contrast, the
subspecies determination by spoligotype pattern between the
two distinct members of the M. tuberculosis complex identified
in The Gambia, M. africanum (lacking spacers 7 to 9 and 39)
and M. tuberculosis, corresponds 100% with the phylogeny
defined by LSP RD702.

Some LSPs could not be predicted from the spoligotype
patterns (Table 1), whereas some LSPs were consistently cor-
related with a particular spoligotype pattern, such as RD182,

which always lacked spacers 31 and 33 to 36 in the spoligotype
pattern. Some LSPs occurred in only a fraction of the isolates
with a given spoligotype pattern; e.g., RD219 was identified in
52% of the isolates whose spoligotype pattern lacked spacers
33 to 36, whereas no lineage-defining LSPs were identified in
the remainder of the isolates with the same spoligotype pat-
tern. Similarly, some isolates had spoligotype patterns that
could be categorized into multiple, different LSP lineages; e.g.,
isolates with the spoligotype pattern missing spacers 21 to 24
and 33 to 36 (LAM according to SpolDB4) can belong to
lineage RD115 or RD174 (Euro-American lineage) or do not
belong to either lineage. LSP RD724, which is adjacent to an
IS6110 insertion element (10), was not a unique event/lineage-
defining polymorphism. It occurred in isolates from different
phylogenetic branches.

The Hunter-Gaston discriminatory indices were 0.78 for typ-
ing by LSPs and 0.94 for spoligotype analysis, confirming the
higher discriminatory power of spoligotype analysis (Fig. 2).

TABLE 1—Continued

RD Spoligotype patterna No. of
isolates SITb % of

isolates % RD Commonly missing spacersc

(cladesd)

RD702-1 ������▫▫▫�����������������������������▫���� 77 181 21.4 38.4 7- 9, 39 (M. africanum
RD702-2 �▫����▫▫▫�����������������������������▫���� 3 318 0.8 type 2)
RD702-3 ▫▫����▫▫▫�����������������������������▫���� 1 Orphan 0.3
RD702-4 �������▫▫�����������������������������▫���� 1 Orphan 0.3
RD702-5 ������▫▫▫������▫����������������������▫���� 2 2442 0.6
RD702-6 ������▫▫▫����������▫������������������▫���� 1 2817 0.3
RD702-7 ������▫▫▫�����������▫�����������������▫���� 2 2765 0.6
RD702-8 ������▫▫▫������������▫����������������▫���� 1 Orphan 0.3
RD702-9 ������▫▫▫������������▫▫▫��������������▫���� 5 326 1.4
RD702-10 ������▫▫▫����������▫�▫▫▫��������������▫���� 4 325 1.1
RD702-11 ������▫▫▫������������▫▫▫�▫▫▫����������▫���� 1 Orphan 0.3
RD702-12 ������▫▫▫����������▫▫▫▫▫�▫▫▫▫���������▫���� 1 2815 0.3
RD702-13 ������▫▫▫���▫������▫▫▫▫▫�▫▫▫▫���������▫���� 1 Orphan 0.3
RD702-14 ������▫▫▫������������▫▫▫▫��▫▫▫▫▫������▫���� 1 2819 0.3
RD702-15 ������▫▫▫�����������������������▫�����▫���� 16 187 4.5
RD702-16 ������▫▫▫����������������������▫▫▫▫▫��▫���� 2 2440 0.6
RD702-17 ������▫▫▫��������������������▫▫▫▫▫▫▫��▫���� 2 2441 0.6
RD702-18 ������▫▫▫�����������������▫▫▫▫▫▫▫▫▫▫▫▫▫���� 1 Orphan 0.3
RD702-19 ������▫▫▫���������������������������▫�▫���� 1 Orphan 0.3
RD702-20 ������▫▫▫��������������������������▫▫�▫���� 1 Orphan 0.3
RD702-21 ��▫���▫▫▫�������������������▫▫��������▫���� 2 2762 0.6
RD702-22 ������▫▫▫���▫���������������������▫▫��▫���� 1 Orphan 0.3
RD702-23 ����▫▫▫▫▫▫����������������������������▫���� 1 2444 0.3
RD702-24 ����▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫�������������������▫���� 1 Orphan 0.3
RD702-25 �����▫▫▫▫▫▫▫▫▫▫▫▫▫▫�������������������▫���� 2 2443 0.6
RD702-26 ▫▫▫��▫▫▫▫▫▫▫▫▫▫▫▫▫��������������������▫���� 3 2446 0.8
RD702-27 �▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫��� 2 2816 0.6
RD702-28 ���▫▫�▫▫▫�����������������������������▫▫��� 1 Orphan 0.3
RD702-29 ������▫▫▫������������������▫���������▫▫�▫▫▫ 1 2814 0.3

RD726-1 ����������������������▫▫▫�������▫▫▫▫������� 9 61 2.5 3.6 23, 33–36 (unknown)
RD726-2 ����������������������▫���������▫▫▫▫������� 1 44 0.3
RD726-3 ���������������������▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫▫ 3 1410 0.8

RD750-1f ���▫▫▫▫���������������▫▫�▫▫▫▫▫▫������������ 3 2398 0.8 1.7 4–7, 23–25 (CAS)
RD750-2 ���▫▫▫▫���������������▫▫▫▫▫▫▫▫▫▫▫▫▫�������� 1 203 0.3
RD750-3 ���▫▫▫▫���������������▫▫������������������� 2 1200 0.6
Total 359

a �, presence of the spacer; ▫, absence of the spacer.
b SITs are the coded patterns in the SITVIT2 database of the Institut Pasteur de Guadeloupe.
c Only commonly missing spacers upon spoligotyping are shown for each RD-defined cluster.
d Clades are shown only for exact signatures matching the rules in SpolDB4 (5) and when these correspond to a RD-defined cluster.
e Orphan, not previously identified and only identified once in current collection.
f The isolates with this spoligotype pattern have a larger product from the PCR for RD750.

998 DE JONG ET AL. J. CLIN. MICROBIOL.



Diversity of spoligotype patterns. A total of 92 distinct spo-
ligotype patterns were obtained from 359 isolates. By compar-
ison with the patterns in the SITVIT2 international spoligotype
database, 338/359 (94.1%) of the isolates had a spoligotype
pattern that matched a spoligotype pattern that had previously
been placed in the database. The spoligotype patterns of 313
(87.2%) isolates were clustered in 46 clusters, each of which
contained between 2 and 80 isolates. Of the 46 (12.8%) isolates
with unclustered spoligotype patterns, 21 were novel (i.e., they
were not represented in the SITVIT2 database) and 25 were
unique spoligotype patterns in our study from The Gambia
that matched a spoligotype pattern in the database. In total,
addition of the spoligotype patterns of these 359 isolates re-
sulted in 14 new shared-type patterns from 32 different isolates
added to the international database. A group of 15 isolates
with the same spoligotype pattern had sporadically been iden-
tified in the SITVIT2 database. We labeled this group of iso-
lates, which lacked TbD1 but which had no other lineage-
defining deletions, the “Gambian family.”

Gradient of M. africanum prevalence in West Africa. The
high prevalence and the high degree of genetic diversity of M.
africanum suggest the hypothesis that M. africanum has been
evolving in Africa for quite some time. Consistent with this
hypothesis, only a subset of the Euro-American lineages of the
M. tuberculosis complex occur at high frequencies in The Gam-
bia (i.e., RD174 or LAM and RD182 or Haarlem) and were
most likely introduced since the beginning of European explo-
ration and colonization. To test this hypothesis more formally,
we compared the distribution and genetic diversity of the M.
africanum and the Euro-American lineages within M. tubercu-
losis sensu stricto (as defined earlier) in our strain collection
and in the international SITVIT2 database. We compared

genotyped isolates from The Gambia and genotyped isolates
from the rest of the world at three different levels: individual
countries, the African continent as a whole, and worldwide.
We compared both the variability in spoligotype patterns (each
pattern was counted once) and the variability in the total num-
ber of isolates within each subspecies (Fig. 3). A statistical
analysis by use of the �2 test showed that the proportion of M.
africanum spoligotype patterns within the M. africanum-M.
tuberculosis Euro-American group in The Gambia was 31%,
whereas the proportions were 45.2% in Guinea-Bissau (P �
0.08), 42.1% in Ivory Coast (P � 0.3), 30.3% in Senegal (P � 0.9),
30% in Cameroon (P � 0.9), 13.8% in Tunisia (P � 0.001), 10.9%
for the African continent (P � 0.001), and 5.3% at the worldwide
level (P � 0.001).

The proportion of M. africanum isolates within the M. afri-
canum-M. tuberculosis Euro-American group in The Gambia
was 41.02%, whereas the proportions were 59.91% in Guinea-
Bissau (P � 0.001), 24.36% in Senegal (P � 0.01), 22.91% in
Ivory Coast (P � 0.02), 10.95% in Cameroon (P � 0.001),
6.29% in Tunisia (P � 0.001), 4.89% for the African continent
(P � 0.001), and 1.12% at the worldwide level (P � 0.001).
Taken together, these data show that M. africanum is particu-
larly frequent and much more genetically diverse than the
Euro-American lineage in The Gambia and elsewhere in West
Africa compared to its frequency of occurrence and diversity in
other regions of the world.

Molecular epidemiological associations. Finally, we looked
for clinical and epidemiological associations with the different
strain lineages. By univariate analysis, M. africanum (RD702)-
infected patients were more likely to be older, male, and HIV
infected than those infected with other lineages (Table 2).
However, none of the associations were statistically significant.

DISCUSSION

This study identified M. africanum as the cause of 39% of the
smear-positive pulmonary TB cases in The Gambia, with the
remainder (61%) being caused by lineages within M. tubercu-
losis sensu stricto. DNA from both M. africanum and M. tuber-
culosis sensu stricto was recovered from Egyptian mummies
(28), yet today M. africanum isolates are rarely encountered
outside of West Africa, except among first-generation immi-
grants (8). This lack of spread of M. africanum, despite large
migrations, such as through the slave trade to the New World,

FIG. 3. Distribution of M. africanum type I, West African type 2,
relative to that of the Euro-American lineage of M. tuberculosis sensu
stricto in the SITVIT2 database. Patterns, the proportion of different
spoligotype patterns within the lineage M. africanum (with signature
spacers 7 to 9 and 39 absent and at least one of the spacers from
spacers 33 to 36 present) relative to the pattern of the Euro-American
lineage of M. tuberculosis (with spacers 33 to 36 absent and at least one
of the spacers from spacers 7 to 9 and 39 present); isolates, the
proportion of isolates with the signature for M. africanum described
above versus the signature for the Euro-American lineage of M. tuber-
culosis. (Map courtesy of http://www.theodora.com/maps, used with
permission.)

TABLE 2. Epidemiological associations by lineage

Lineage (no. of
isolates)

Median
age (yr)

Sex
(% male)

HIV
(% positive)

RD105 (10) 24.5 70 0
RD174 (44) 28 59 9.3
RD182 (53) 28 66 0
RD219 (18) 26.5 83 6.7
RD702 (138) 30 72 13
RD726 (13) 27 77 0
H37Rv-like (45) 29 69 10
Gambian family (15) 26 67 0
Other (23) 32 61 5.9

Total (359) 29 69 8.4
Pa 0.76 0.66 0.17

a P value for comparisons across the different lineages.
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which lasted several centuries, suggests that M. africanum has
established a specific geographic niche in West Africa. Our
findings confirm the specificity of the M. africanum lineage to
the African continent, with a decreasing gradient of prevalence
from West to East. The focal point of endemicity is the region
around Guinea-Bissau, The Gambia, and Senegal. Moreover,
the greater genetic variability in this geographic region relative
to the genetic variability of different lineages within M. tuber-
culosis sensu stricto supports the hypothesis that M. africanum
established itself in West Africa before the Euro-American M.
tuberculosis lineage was introduced during European explora-
tion and colonization (12, 23). However, there are alternative
explanations for the high degree of genetic diversity among M.
africanum strains. For example, M. africanum might not be
primarily a human pathogen and as yet unknown animal or
environmental reservoirs exist. If this explanation is true, M.
africanum could be under very different selective pressures,
which could partially explain the observed greater spoligotype
diversity. However, M. africanum is a very successful pathogen
of humans in West Africa, causing up to 45% of the disease
cases and having a clear capacity to transmit from human to
human (6). We previously found that M. africanum was more
strongly associated with HIV infection than M. tuberculosis, all
lineages combined (7), but this association was not significant
in the present study when we compared the HIV prevalence
across the different lineages within the M. tuberculosis complex
(Table 2). We found the clinical and radiographic presenta-
tions and the outcome of disease for patients infected with M.
africanum to be indistinguishable from those for patients in-
fected with M. tuberculosis, all lineages combined (5), although
M. africanum-infected patients and their contacts were less
likely to mount a response to the M. tuberculosis-specific pro-
tein ESAT-6 (6-kDa early secreted antigenic target) (6). Fur-
ther studies will be needed to understand the striking geo-
graphical restriction in the prevalence of M. africanum. In
addition, DNA sequence-based sequencing approaches will
provide a more robust measure of the relative genetic diversity
between different mycobacterial lineages.

In addition to M. africanum, many other global lineages
within M. tuberculosis sensu stricto were encountered in The
Gambia, predominantly those with genomic deletions in
RD174, RD182, and RD219. Strains with the RD174 deletion
were found to have an increased secondary case rate ratio in
San Francisco, CA (K. DeRiemer, unpublished data). RD174
is located within the dormancy regulon of the M. tuberculosis
genome (27) and has a spoligotype signature of the LAM clade
(Table 1), previously identified in Guinea-Bissau (15). The
spoligotype pattern that correlates with an LSP in RD726 has
previously been described in Cameroon (20). In Table 1, it
corresponded to spoligotype pattern SIT61 (absence of spacers
23 to 25 and 33 to 36) in 9/13 strains, which is the signature of
the Cameroon family (20), also termed LAM10-CAM in
SpolDB4 (3). By comparing the genotypes of recent TB cases
to the genotypes of historical specimens in Cameroon by bio-
chemical methods, TB caused by isolates with this specific
spoligotype pattern appear to have replaced M. africanum type
I, West African type 1. One spoligotype pattern within lineage
RD174 was found in lineage RD115 and in a different isolate
that lacked a specific lineage-defining LSP. These shared pat-
terns likely correspond to the pattern of the ancestral strain

common to both RD115 and RD174 or reflect homoplasy, i.e.,
convergence to the same spoligotype pattern through different
evolutionary pathways (3). Thus, the spoligotype method is
best complemented by a genotyping method with a slower
molecular clock, such as LSPs.

The LSPs used for this study were identified in a set of
clinical isolates in San Francisco, CA, and isolates of African
origin were underrepresented. As a result, a number of Gam-
bian strains, such as the Gambian family, clustered without
a lineage-defining deletion in the H37Rv-like group. The
genomewide identification of large and small polymorphisms
in African strains would likely identify novel genotypes circu-
lating on the African continent. The identification of lineages
within the M. tuberculosis complex that are particularly well
adapted to HIV-infected hosts, such as M. africanum (7), may
prove important in African countries, where the incidence of
coinfection with tuberculosis and HIV is increasing (4). The
genomewide identification of polymorphisms in strains com-
monly isolated in Africa will require investments to improve
genotyping facilities in the countries where outbreaks of M.
tuberculosis and M. africanum prevail (3). To our knowledge,
our work in The Gambia is the first effort in West Africa to
perform the laboratory work involved with molecular genotyp-
ing in the country of origin of the isolates.

In conclusion, the current description of the population
structure of the M. tuberculosis complex in The Gambia con-
firms the high prevalence of M. africanum in West Africa,
which accounts for 38.4% of the sputum smear-positive TB
cases. The higher degree of diversity of the spoligotype pat-
terns within the subspecies M. africanum supports the hypoth-
esis that M. africanum became endemic in West Africa first,
after which several lineages within subspecies M. tuberculosis
sensu stricto were introduced.
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